This study evaluated linear alkylbenzene sulfonate removal in an expanded granular sludge bed reactor with hydraulic retention times of 26 h and 32 h. Sludge bed and separator phase biomass were phylogenetically characterized (sequencing 16S rRNA) and quantified (most probable number) to determine the total anaerobic bacteria and methanogenic Archaea. The reactor was fed with a mineral medium supplemented with 14 mg l À1 LAS, ethanol and methanol. The stage I-32 h consisted of biomass adaptation (without LAS influent) until reactor stability was achieved (COD removal >97%). In stage II-32 h, LAS removal was 74% due to factors such as dilution, degradation and adsorption. Higher HRT values increased the LAS removal (stage III: 26 h -48% and stage IV: 32 h -64%), probably due to increased contact time between the biomass and LAS. The clone libraries were different between samples from the sludge bed (Synergitetes and Proteobacteria) and the separator phase (Firmicutes and Proteobacteria) biomass.
Introduction
Surfactants are one of the most versatile products present in several industrial segments, such as manufacturing of motor oils, cleaning products and pesticides. Linear alkylbenzene sulfonate (LAS) is a widely used anionic surfactant due to its excellent properties and low cost (Garcia et al., 2005) . Its wide use results in its presence in industrial wastewater and domestic sewage.
As the consequence of its intense use and recalcitrance in wastewater, LAS has affected the efficiency of sewage treatment plants and has affected terrestrial and aquatic biota. LAS can inhibit self-purification processes in water courses and disseminate impurities.
To date, some reactor configurations have been studied with respect to biological LAS removal: horizontal-flow immobilized biomass (Duarte et al., 2008) , fluidized bed , stirred sequencing batch and upflow anaerobic sludge blanket (Lobner et al., 2005; Okada et al., 2010; Sanz et al., 2003) . The highest degradation efficiency (>90%) was in a fluidized bed reactor packed with sand . This efficiency was attributed to contact between biomass and wastewater, improved by high upflow velocity needed to fluidize the sand bed. However, high upward-flow increases maintenance costs, and use of other carrier material (to decrease upflow velocity needed to fluidization) could increase the implementation costs. The expanded granular sludge bed (EGSB) reactor shows upflow velocity lower than fluidized bed reactor since granular sludge presents low density. Further, this upflow velocity is enough to obtain biomass-wastewater contact better than in UASB reactor. Other advantages of EGSB reactor are influent dilution provided by recirculation (Kato et al., 1994) , which allows treatment of toxic compounds (Seghezzo et al., 1998) .
This study evaluated LAS removal in an EGSB reactor with a variety of hydraulic retention times (HRTs), characterized (phylogenetic analysis) the sludge bed and phase separator biomass (only stage IV -better LAS removal conditions) and quantified microorganism by the most probable number technique.
Methods

Expanded granular sludge bed -EGSB
The EGSB reactor consisted of an apparatus made of acrylic with a volume of 1.25 l, a height of 1.0 m, a diameter of 0.04 m and six samples points. The reactor operated for 285 days under a mesophilic condition (30°C). The HRT ranged from 26 h to 32 h. The upflow velocity was constant (4 m h À1 ) with the effluent recirculation.
Inoculum
The inoculum was obtained from a full-scale UASB reactor treating effluent from a poultry slaughterhouse (Avícola Dacar S/ A, Tietê/SP, Brazil). The reactor used this granular sludge at a concentration of 12 g VSS l À1 (granular mean diameter: 3.5 mm).
Feeding
The feed consisted of a modified mineral medium with the MgCl 2 concentration adjusted to 25 mg l À1 (Angelidaki et al., 1990) , vitamins (Touzel and Albagnac, 1983) , sodium bicarbonate (500 mg l À1 ) and a mixture of co-substrates. The substrate mixture consisted of ethanol (400 mg COD l À1 ) and methanol (400 mg COD l À1 ). LAS was obtained from Aldrich (CAS 25155-30-0: technical grade) and consisted of a homologous mixture (C 10 -C 13 ). The experimental phases, duration and feeding conditions are described in Table 1 .
Analytical methods
Analyses of pH (4500), total solids (2540D) and chemical oxygen demand (COD; 5220D) were performed according to Standard Methods for Examination of Water and Wastewater (APHA-AWWA-WPCF, 2005).
A high performance liquid chromatography (HPLC) Shimadzu system with an Aminex HPX-87H column (Biorad) was used to quantify the volatile acids (Caproic, valeric, isovaleric, butyric, isobutyric, propionic, acetic, formic, lactic, succinic, malic and citric) (Lazaro et al., 2008) . The LAS was quantified using HPLC (Shimadzu system) with a fluorescence detector and a C8 column (Supelco) (Duarte et al., 2006) .
The solids samples (biomass bed and suspended solids (SS) effluent) were collected at the end of the operation, and they were washed three times with methanol to extract the adsorbed LAS using a method presented by Duarte et al. (2006) . The mass balance for LAS considered the surfactant in the feed (influent), in the effluent (liquid phase and adsorbed on SST) and adsorbed on biomass in the reactor.
Molecular analyses
Sampling and DNA extraction
The 16S rRNA sequencing was performed for two samples: (i) sludge bed biomass and (ii) biomass from a phase separator. The samples were taken at stage IV, which is where the reactor showed the highest removal efficiency and a low influence of dilution and adsorption (32 h HRT and 63% LAS removal). Total DNA extraction was performed using a modified phenol-chloroform protocol described by Griffiths et al. (2000) .
PCR amplification
DNA amplification to build the 16S rRNA library was performed using the bacterial primer sets 27f and 1100r (Lane, 1991) . The PCR (polymerase chain reaction) was carried out in a Thermocycler Eppendorf AG -Hamburg 22,331. The cycle consisted of an initial denaturation step (5 min at 94°C), 30 cycles of denaturation (45 s at 94°C), annealing (45 s at 55°C), extension (105 s at 72°C) and cooling at 4°C.
Cloning and 16S rRNA sequencing
Samples of PCR products (16S rRNA) were cloned into the plasmid pGEM Ò -T Easy Vector Systems (Promega) vector and transformed into Escherichia coli competent cells according to the manufacturer specifications. PCR amplified the randomly selected clones. The PCR product purification was performed with an Illustra GFX PCR DNA kit and Gel Band Purification (GE Healthcare). The DNA analyzer ABI PRISM model 310 (Applied Biosystems Ò ) was used to read nucleotide sequences using an M13 forward primer (Chun, 1995) .
Sequence analysis
Tools from the Ribosomal database project -RDP (Cole et al., 2009 ) were used to process the nucleotides (Classifier, Library Compare and Tree Builder -http://www.rdp.cme.msu.edu/). The DOTUR program was used to determine the operational taxonomic units (OTUs) with an evolutionary distance of 0.03 (Schloss and Handelsman, 2005) . Eight OTUs were aligned with RDP database sequences (twelve sequences) for construction of phylogenetic tree. These OTUs consisted of representing sequences, predominant families or were related to the removal of aromatic compounds.
Nucleotide sequence accession numbers
The sequences representing each OTU determined in this study were deposited in the Genbank with the accession numbers JN692174-JN692237.
Microbial counting -most probable number
The most probable number (MPN) technique was used to estimate the total anaerobic bacteria and methanogenic Archaea (Sakamoto, 1996) . The samples were homogenized and diluted in flasks with feeding used in each stage. Detection was performed after 30 days of incubation at 30°C ( Table 2 ). The results were interpreted according to a standard table (APHA-AWWA-WPCF, 2005).
Statistical analysis
One-way analysis of variance (ANOVA) and the post hoc Tukey test (p < 0.05) were used to analyze the differences of LAS and COD removal among the stages.
Results and discussion
Reactor operation
Surfactant addition and change of HRT did not affect the COD removal (Table 3 and Fig. 1 ). The COD removal was above 95% in all stages for an average COD influent concentration of 760 mg l À1 . The EGSB reactor supports large organic loads, greater than 15 kg DQO m À3 d À1 (Nunez and Martinez, 1999) , and it is also effective in the treatment of wastewater with low organic matter (Kato et al., 1997) . In this case, the organic loading rate was 0.8 kg DQO m À3 d À1 , which resulted in a high COD removal and low volatile acid concentrations (Table 3 -<44 mg l À1 ). According to Lobner et al. (2005) , a lower concentration of volatile acids (<50 mg l À1 ) favors LAS removal because it helps to maintain system stability.
Additionally, LAS removal (biological degradation plus adsorption) was affected by changes in the HRT. This was observed for stage II-32 h (74%), stage III-26 h (48%), and stage IV-32 h (64%). Influent dilution and mass transfer (advantages of EGSB reactor), and the biomass-LAS contact time (HRT) and the specific-LAS load rate (adopted parameters) favored the removal of LAS. LAS temporal variation among stages suggested that time of reactor operation (biomass exposure for surfactant) did not affect the LAS removal and COD removal efficiencies. This was evident with the increase in removal at stage IV-32 h and at a longer exposure time (164 days). The 10% difference in the mean removal between stages II-32 h (74%) and IV-32 h (64%) may be related to the mass of LAS adsorbed on the biomass (8% according final mass balance - Table 4 ) and the initial dilution at stage II-32 h.
At stage II-32 h, the surfactant removal (73.6 ± 5.6%) was higher than other stages due to dilutions and adsorption by the biomass. The decreasing LAS removal at the beginning of stage II-32h (from 85% to 70%, Fig. 1 ) suggested the filling sorption-sites. The LAS adsorbed on biomass at the end of assay was 14 ± 2 mg g TS À1 showing this filling. Further, the adsorption isotherm of inoculum indicated exhausting adsorption-capacity as the sorption-sites were filled (Okada et al., 2009) .
In this study, two types of dilutions were observed. The first was the influent dilution because of the effluent recirculation rate exceeds the feed flow rate (100 times higher) and was present the entire time during reactor operation. This type of dilution allows for more efficient treatment of toxic compounds (Seghezzo et al., 1998) . The second is the initial dilution of the LAS concentra- 
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IV-32h The dilution is one important parameter because a decrease in the load specific-LAS rate favors biological degradation. Lower concentrations of LAS (<10 mg l À1 ) decreased the inhibition potential, as was observed by Garcia et al. (2006) .
The results for specific-LAS load rates between the stages III-26 h and IV-32 h indicated that a higher specific-LAS load rate (decreased HRT) results in a lower LAS removal (Fig. 2) . At stage III-26 h when the specific-LAS load rate exceeded 2.25 mg g VS À1 d À1 , the removal does not reach 40%. Nevertheless, at stage IV-32 h with a load specific-LAS rate from 1.0-1.75 mg g VS À1 d À1 , the removal is predominantly above 60%.
The highest value of the specific-LAS load rate was 3.6 mg g VS À1 d À1 (stage III-26 h) with 14 mg l À1 influent LAS and an HRT of 26 h. This is below the inhibitory limit of 14 mg g VSS À1 obtained by Gavala and Ahring (2002) while operating an anaerobic batch assay and below the value found by Garcia et al. (2006) while operating an anaerobic batch reactor (>25 mg l À1 ). Therefore, the limiting factor in LAS removal was probably the biomass-LAS contact time, rather than the specific-LAS load rate.
The final LAS mass balance revealed that a significant percentage of LAS adsorbed was lost through the effluent suspended solid (3%) beyond of 5% adsorbed at biomass present in the reactor (Table 4 ). After 285 operation days, the total amount of LAS added, 2218.9 mg (57%) was removed (adsorbed plus biological degraded) and 1895.1 mg (48%) was degraded (only biological degradation).
The total suspended solids in the effluent increased from 48 mg l À1 (I-32 h; without LAS) to 128 mg l À1 (II-32 h -14 mg l À1 LAS). The addition of surfactant associated with high upward-flow velocity resulted in granular disintegration (shear) that increased the concentration of total solids in the effluent. According to Daffonchio et al. (1995) , microbial aggregates present in the granules are derived from hydrophobic and hydrophilic interactions, and the effect of surface tension breaking (LAS add -II-32 h) led to the destabilization of these interactions and resulted in biomass washout. Lobner et al. (2005) operated a thermophilic UASB reactor (55°C) with a specific-LAS load rate of 0.31 mg g VS À1 d À1 and an HRT 48 h observed migration of active microbes (both Archaea and Bacteria) to the interior of the granules. Thus, the effect of the LAS molecule on the biomass cannot be neglected, even at low concentrations. Quantitative changes in microbial populations, total anaerobic bacteria and methanogenic Archaea were observed during reactor operation. The efficient mass transfer (upwardflow) can enhance the effect of LAS on the biomass, facilitating the entrance of the bulk liquid into the interior the granules and affecting the microorganisms.
Microbial analysis
Microbial counts indicated that variations occurred in the total anaerobic bacteria and methanogenic Archaea values with changes in the HRT and sampling site (Fig. 3) .
By means of the MPN analysis, it was observed that the total anaerobic bacteria value was favored at all stages and the LAS concentration (14 mg l À1 ) was not inhibitory. Approximately 10 23 MPN g TVS À1 of total anaerobic bacteria was observed in the inoculum, with a higher count at stage III-26 h-bed ($10 28 MPN g TVS À1 ). At this stage (stage III-26 h-bed), the specific-LAS load rate was 2.61 ± 0.54 mg g VS À1 d À1 , which was the highest among all stages and may have stimulated bacterial growth. At phase separator IV-32 h, the total anaerobic bacteria ($10 26 MPN g TVS À1 ) was dominant over the methanogenic Archaea ($10 14 MPN g TVS À1 ), possibly due to the presence of homoacetogenic bacteria (Veillonellaceae -16S rRNA results). These bacteria compete with hydrogenotrophic methanogenic Archaea for the same substrate (hydrogen) and results in its higher count.
The sensitivity of methanogenic Archaea to LAS (Gavala and Ahring, 2002; Mosche and Meyer, 2002) was investigated. The inoculum contained $10 15 MPN g TVS À1 of methanogenic Archaea. Similar values were obtained in stage IV-32 h-phase-separator and stage IV-32 h-bed. At stage III-26 h-bed, the lowest value of methanogenic Archaea was obtained ($10 11 MPN g TVS À1 ), probably due to the higher specific-LAS load rate.
From the sequencing of 16S rRNA, two clone libraries were constructed according to the sampling site: (i) sludge bed (111 clones) and (ii) biomass from the phase separator (59 clones). Both fragments averaged 550 bp. The phyla Proteobacteria and Synergistetes were observed to be dominant in the sludge bed. However, the sample collected in the phase separator showed that the phyla Firmicutes and Proteobacteria were dominant (Fig. 4) .
The relative abundance for each sampling site is shown in Fig. 5 . For the construction of the phylogenetic tree, 8 of 67 OTUs were used (Fig. 6) , representing the abundant genera or those related to the removal of aromatic compounds.
In the phase separator sample, 39% of the clones were related to the family Veillonellaceae (phylum Firmicutes), genus Sporomusa compared to 4% of clones from the sludge bed. Most of the members this genus are strictly anaerobic, homoacetogenic, Gram-negative and endospore-forming. They can use a variety of substrates as energy sources, such as hydrogen (H 2 ) plus carbon dioxide (CO 2 ), alcohols (e.g. methanol, ethanol), and O-methyl (e.g. methoxylated aromatic) compounds (Breznak, 2006) .
For the homoacetogenic members, CO 2 (present preferably in the reactor headspace -phase separator) can serve as a major C source for acetogenesis, competing with the hydrogenotrophics and methanogenics for H 2 . Methanogenic Archaea count from this period (IV-phase separator-32 h) was 38% (less) compared to the inoculum. Thus, sampling site and nutritional conditions favored the dominance of the genus Sporomusa. Additionally, the ability of some members to utilize aromatic compounds may be a viable alternative to homoacetogenesis (Breznak, 2006) .
The Geobacter genus (family Geobactereacea) was seen only in the samples from the sludge bed (8% clones). According to Lovley et al. (1987) , these are strictly anaerobic rods, chemoorganotrophic, Gram-negative, and do not form endospores. They can completely oxidize a wide range of compounds, such as toluene, benzene, benzaldehyde, p-hydroxybenzoate, p-hidroxibenzialcool, phenol and p-cresol to carbon dioxide, in combination with Iron III reduction. This indicates that part of the LAS biological degradation can be attributed to this genus because of their metabolic versatility. The iron was added in the feed in trace concentrations; however, a high concentration of iron became adsorbed in the inoculum (data not shown) and was bioavailable for this genus. Within of phylum Proteobacteria, 7% of clones from the phase separator and 6% from the sludge bed were related to the family Rhodocyclaceae. Three clones (only from the sludge bed) were from the genus Dechloromonas and have the ability to degrade aromatic compounds, such as toluene, benzoate and chlorobenzene. This ability may be related to the LAS degradation.
Proteobacteria
Approximately 7% of the sludge bed clones and 2% of the separator phase clones showed similarity with the family Campylobacteraceae and exclusively in the genus Arcobacter. Bacteria belonging to this genus are Gram-negative, do not form endospores and are present in chicken carcasses (Houf et al., 2005) . The inoculum used in the study originated from a poultry slaughterhouse.
Approximately 30% (sludge bed) and 17% (phase separator) of the clones were related to the family Synergistaceae and were assigned to genera Cloacibacillus (90% sequence homology), Aminobacterium (80%) and Aminomonas (87-91% sequence homology). They are found in wide range of anaerobic habitats, such as in waste water treatment systems, soil and oil wells. They are Gram-negative and ferment amino acids (Jumas-Bilak et al., 2009) . The presence of these genera in the EGSB reactor resulted from the high protein load of the poultry slaughterhouse wastewater (the source of inoculum). Although not directly linked to degradation of organic compounds, these genera were part of the wide diversity of bacteria in the inoculum source.
Six clones from the sludge bed and two clones from the phase separator were related to family Syntrophaceae (Smithella genus). These are bacteria that grow preferentially under fermentativemethanogenic conditions, are Gram-negative, and are strictly anaerobic bacteria that grow in a syntrophic relationship with methanogenic Archaea.
Finally, the sequencing of 16S rRNA identified that most organisms are strictly anaerobic (sludge bed and phase separator) and related to the source of inoculum used and/or the degradation of aromatic compounds because the LAS molecule has an aromatic ring connected to a sulfonate group.
Conclusions
The specific-LAS load rate in this study did not inhibit the biomass present in the reactor. Additionally, changes in the quantity of total anaerobic bacteria and methanogenic Archaea were observed, with disruption of the granules after surfactant addition. The biomass-LAS contact time is critical to increasing the efficiency of removal (Stage II-32 h-74% and Stage IV-32 h-64%). Differences were noted between the microbial diversity of the sludge bed with predominantly of phyla Synergitetes (family Synergistaceae) and Proteobacteria (order Desulfuromonadales) and phase separator biomass with the phyla Firmicutes (family Veillonellaceae) and Proteobacteria.
